ABSTRACT Nowadays, the installations of photovoltaics (PVs) in the smart grid have been growing dramatically because the price of PVs is falling drastically. Undoubtedly, this is a great achievement for the recent smart grid technology. However, the colossal penetration of PVs' power at the day-time changes the load demand of thermal generations (TGs) of a smart grid which creates duck shape load curve called duck curve. In a duck curve, peak and off-peak gaps are very large which increase the start-up cost (SUC) of TGs because the units of TGs must be turned ON and turned OFF frequently. Therefore, it is very significant to run TGs units optimally. Only an optimization technique is not enough to bring a good solution. This research considers concentrated solar power and pumped storage hydroelectricity (PSH) as the energy storages. Also, fuel cells are considered as the controllable loads in the demand side's smart houses. In addition, this paper considers the real-time price-based demand response. The optimal unit commitment (UC) of TGs, PSHs, and other generators is introduced for saving the fuel cost and SUC of TGs. The optimal results of the proposed model are determined by using MATLAB R INTLINPROG optimization toolbox. To evaluate the effectiveness of the proposed method, simulation results have been compared with some other methods.
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I. INTRODUCTION
Nowadays the installations of renewable energies have been increasing all over the world. The popular sources of renewable energies are the wind turbine, photovoltaic (PV), concentrated solar power (CSP), biomass, geothermal, hydro and so on. There are several reasons for being popular the renewable sources. First of all, the renewable energies are introducing for saving the fossil fuels [1] . Additionally, urbanization and industrialization are increasing the demand of fossil fuels consequently, the price of fossil fuels is also raising all over the world. Also, the demand of electricity has been increasing worldwide because of the urbanization, industrialization, growing population and so on [2] . On the other hand, deregulation and liberalization of the power market increase competition among power producers [3] , [4] . In this situation, power companies are trying to reduce operating cost. Operating costs of renewable generations are lower than fossil fuels based thermal generations (TGs) for using renewable sources rather than fossil fuels. However, power generation companies mainly depend on fossil fuels until now. The TGs consume a lion share of fossil fuels to generate electricity. For example, U.S Energy Information and Administration (EIA) says, the United States (U.S) is producing more than 65% electricity by using fossil fuels [5] . Although, the U.S is one of the major renewable power producers in the world. Additionally, burning fossil fuels for power generation are increasing the CO 2 emissions [6] . The United States Environmental Protection Agency (EPA) shows that around 32% of CO 2 emissions are caused by fossil fuels based power plants [7] . There are various sources of renewable energies among them, PVs are growing dramatically because of a huge price reduction of both PV power plants and residential PVs in recent years [8] . The U.S Department of Energy (DoE) takes the initiative called SunShot Initiative, and it shows that the cost of residential, commercial and utility PVs had been reduced around 57%, 61%, and 74% respectively from 2010 to 2016. The target of DoE by 2020 will again decrease the cost of residential, commercial and utility PVs to 50%, 46%, and 14% respectively from 2016 [9] . Due to the globalization, the reduction of the price of PVs also influences global market [10] . It also true that price is not only being reduced in the USA but also reduced all over the world massively. These PVs generations are contributing to fulfilling power demand and reducing environmental pollution like CO 2 emissions [11] . Moreover, power producers are getting the operational cost saving advantages which helping them to compete in competitive power markets. Besides, these PV generations are reducing the load demand of TGs. Additionally, many countries are facing load shading problem, PVs generations are compensating them as an alternative solution. Furthermore, PVs generations especially off-grid systems are being interested in the islands and remote areas for supplying electricity.
As the PV is a clean source of energy but it has shortcomings too. The output power of PV generators has uncertainty for changing weather conditions [12] , [13] . Besides, PV generators can generate power only in the day-time. Therefore, it creates unbalance of a load demand between day and night times. Therefore, power management is a vital issue for PVs generations based smart grid [14] . In addition, the installation of a PV power plant needs a large area. Although, PVs are being suppressed in a small area day by day. Furthermore, during the manufacturing time of PV panels, some toxic chemicals such as cadmium and arsenic are used that have a minor impact on the environment but proper recycle and disposal can easily control these pollutions.
During the day-time, high penetration of PVs changes the load curve, and it becomes duck shape that is known as duck curve. In duck curve, gaps between day-time load demands and night-time load demands are very high. In duck curve, more TG's units are needed to run for satisfying the peak demand at night time. Additionally, the TG's units are required to start-up and start-off frequently because of the unbalanced load condition. Therefore, optimal usage of units of TGs is very significant. The load balancing is the prerequisite of optimal usage the TG's units [15] . Besides, introducing energy storage system (ESS) and demand-side controllable loads can bring fruitful results. The researchers worked on load balancing due to optimal unit commitment (UC) of TGs by using storage systems. Reference [16] proposed flywheel energy storage system for balancing the load demand but did not consider the UC. Reference [17] proposed a thermal UC by considering wind power and hydropower for reducing costs and emissions but it did not consider the demand-side and CSP. Reference [18] proposed demandresponse based UC model but did not work on CSP, pumped storage hydro (PSH), PVs and CO 2 emissions. Reference [19] considered the UC and ESS model but did not consider CSP, demand response, duck curve and so on. Reference [20] proposed battery energy storage and demand response with thermal UC to optimize the battery energy storage but did not work on CSP, PSH, and did not consider duck curve situations too. Besides, the proposed method could not increase the renewable power to the smart grid. Reference [21] proposed a UC model due to the high penetration of renewable energy resources but did not introduce ESS and demand response. Reference [22] considered thermal unit commitment, ESSs, and renewable power, but renewable power generations could not be increased by this model. In [23] , the UC of the energywater nexus was proposed but did not consider fossil fuel costs and start-up cost (SUC). This paper proposes a smart grid model that considers the TGs, PVs, ESSs (e.g. PSH, CSP) and price-based demand responses (DRs). The optimal unit commitment of TGs with ESSs has been considered due to fulfilling the duck curve's power requirements with possible minimum costs. This optimization program for duck curve can reduce the fuel cost and SUC of TGs. The PSHs have been used due to cutting the peak load demand and raising up the off-peak load demand. In addition, the CSPs have been used optimally rather than their regular operations. A CSP accumulates heat in the heat storage tank and generates power when required. Also, the Ene-farm home fuel cells (FCs) are considered for demand side's generators. Real-time pricing is considered for getting the demand-response. The proposed system is compared with a conventional method, without considering ESSs and demand responses. Operational fuels cost and per MWh cost of electricity for the SUC are compared with other methods. Also, the proposed method can reduce the CO 2 emission and increase the renewable power to the grid. In this paper, MATLAB R INTLINPROG optimization toolbox has been utilized for verifying the effectiveness of the proposed system. 
II. CONFIGURATION OF PROPOSED SMART GRID
The proposed smart grid model is shown in Fig. 1 which is a single line diagram. It has four nodes; each node consists of TGs, CSP, PSH, PV, and loads (Ld1, Ld2, Ld3, and Ld4). The nodes' descriptions are given in TABLE 1. However, two types of power generation are in the proposed method called supply-side generation and grid-side generation.
A. SUPPLY-SIDE CONFIGURATION
The supply-side generations are power plant side generations which can be divided into two categories like fossil fuels based thermal power generations and renewable-based power generations. The fossil fuels based 10 units of TGs are considered in the smart grid model (Fig. 1) . 
The above equation determines the net output power after considering the efficiency of i th number of PSH. Equation 2 describes the conversion to net electric energy stored by using CSPs optimally toward power plant.
The above equation determines the net amount of energy for i th number of the CSP.
B. DEMAND-SIDE CONFIGURATION
The demand-side of proposed power system model ( Fig.1) consists of a large number of residential houses. These houses are divided into three separate groups which are specified in TABLE 5. The first group of houses only consumes electricity. The second group of residential houses consumes and produces electricity by using grid-connected PV. The third group of houses known as smart houses. These houses have grid connected PV generators, loads, and FCs. Fig. 2 illustrates the one-unit smart house model. Smart house's FC is not grid connected. The FC power cannot sell to the grid, and it is an independent generator for smart houses which is considered as a controllable generator. The configuration of a single unit smart house is described in 
III. PROPOSED MODEL FORMULATION
In duck curve, compensating off-peak and cutting peak demands are difficult. This proposed method uses the ESSs and demand-side's controllable generators (i.e. FC) for leveling the duck curve. However, this paper is formulated by following objectives functions and constraints. The proposed power system consists of mainly two kinds of generators such fossil fuel based generators (e.g. TGs) and renewable based generations (e.g. PVs and CSPs). Besides, proposed model has ESSs like PSHs for balancing the load demand.
A. OBJECTIVE FUNCTION OF PROPOSED METHOD
The direct objective of this research is to minimize the fuel cost and SUC of TGS. Equation 3 shows the objective VOLUME 6, 2018 FIGURE 2. Proposed smart house model. function. 
Equation 5 represents the total operation costs by considering operation and maintenance(O&M) costs of PSHs and CSP with the objective function. O&M costs co-efficient [$/kWh] for PSH and O&M costs co-efficient [$/MWh] for CSP are taken from [26] and [27] , correspondingly. η PSH to the grid at off-peak hours.
2) MAXIMUM/MINIMUM CONSTRAINTS OF THERMAL UNITS (i) Thermal units' output power constraints:
(ii) Thermal units' up and down time constraints:
Equation 8 indicates that continuous running time has to be greater than start-up time or uptime.
Equation 9 indicates that continuous stopping time has to be greater than shut-down time or down-time.
Equation 10 indicates that minimum ramp-rate time should be greater or equal to ramp-rate time. (iii) PV units' output power constraints: (12) 4838 VOLUME 6, 2018 (iv) CSP units' output power constraints: (14) (v) PSH units' output power constraints: (15) (vi) PSH units' state of operation limit constraints: (16) (vii) FC units' output power constraints:
IV. SIMULATION RESULTS
The massive penetration of PVs and rPVs creates duck curve problem, and TGs' units are needed to make more startup and start-off during high peak and off-peak gaps which will increase SUC. Besides, in this situation, the efficiency of TGs becomes down that's why fuel costs are increased. This research introduces ESSs that are run optimally with UC for reducing the fuel costs and SUC. ESSs cut the peak and increase the off-peak that is a prerequisite for efficient optimal thermal UC.
The purpose of this research is to minimize the fuel costs and SUC of TGs. This research calculates the CO 2 emissions for different methods. TABLE 7 shows the CO 2 emission factors according to the standard CO 2 emission factors [28] . The optimal UC program has been done by the mixed integer linear programming (INTLINPROG) which is an optimization toolbox in MATLAB. The proposed method considers the optimal UC program, optimal ESSs and real-time price-based demand response. The proposed method has been compared with various methods, e.g., the conventional method that does not consider the optimal UC, ESSs and demand response, optimal UC program only that does not consider the ESSs and demand response, optimal UC program with ESSs that does not consider the demand response. Benefits of the proposed method have been demonstrated by the extensive simulation analyses. 
A. SIMULATION CONDITIONS
This section shows the basic inputs for simulation. Fig. 3(a) illustrates how to occur duck curve problem by penetration of PVs and rPVs in a smart grid. Fig. 3(b) illustrates the duck curve that refers to the present load demand. This research considers the day ahead forecasted load demand . Fig 3(c) demonstrates the PVs power VOLUME 6, 2018 outputs and rPVs power outputs. Finally, the total amount of energy and net energy stored by the CSPs are shown in Figs. 3(d) and (e) respectively.
B. COMPARATIVE ANALYSIS OF OPTIMAL SIMULATION RESULTS
This subsection shows the simulated comparative figures in different situations of UC, SUC, an optimal output power of CSPs, and output power for PSH with UC of PSHs. Also, it demonstrates the power output of FCs from demand side with considering real-time price-based demand response. Figs. 4(a) and 4(b) show the optimal power output of CSPs for proposed method and without considering the demand response, respectively. In these figures, lines plots and stacked bars represent for understanding the per CSP's output power and total CSPs' power output accordingly. From these figures, if demand response is not considered (Fig. 4(d) ), there will be required to additional start-up for CSP3 at 10 O'clock. Power outputs of FCs in smart houses for four nodes are shown in Fig. 4(c) . In this figure, a real-time price has been imposed due to reducing the morning and night loads demand that is why consumer uses the FC at morning and night time. During this time, consumers normally stay at home and getting the demand responses are easier than other times. Figs. 4(d) illustrates the optimal power output of UC with PSHs for the proposed method. Fig. 4(e) shows the optimal power output of UC with PSHs without considering the demand response. From Figs. 4(d) and (e), when demand responses are considered (Fig. 4(d) ), the optimization algorithm selects different PSH units at different times to optimize the power output of the PSHs. Details analyses of PSH units are shown Figs. 4(f)-(m) . Figs. 4(f) and (g) show the storage level for the PSH1. From these figures, the proposed method considers the demand response and increases the storage level (Fig. 4(f) ) as compared to the approach without considering the demand response method (Fig. 4(g) ). Similar situations can be realized for PSH2, PSH3, and PSH4 in Figs. 4(h)-(m) . In these figures, the proposed method can increase the storage levels of PSH plants. Figs. 4(n)-(q) illustrate the thermal UC for conventional method, optimal UC program by INTLINPROG without considering ESS and demand response, optimal UC with considering ESSs only (without considering the demand response), and thermal UC for the proposed method, respectively. In these figures, the proposed method (Fig. 4(q) ) can reduce the usage of thermal units extensively and overcomes the problem of duck-curve. In Fig. 4(q) , the proposed method can shift the duck curve as a straight curve. Figs. 4(r) -(u) demonstrate the thermal generator's SUC for conventional method, optimal SUC by using INTLINPROG toolbox without considering ESSs and demand response, optimal SUC with considering ESSs only (without considering the demand response), and SUC for the proposed method correspondingly. From these figures, in the conventional method (Fig. 4(r) ), TGs are not run optimally that is why SUC is more than other methods. When TGs are run optimally (Fig. 4(s) ), a little amount of SUC is reduced. After considering the ESSs, the load demand has been shifted (Fig. 4(p) ) and TGs are able to cut more SUC (Fig. 4(t) ). Finally, the proposed method considers the optimal UC and ESSs with demand response which makes the proposed power system more optimal and reduces the SUC significantly (Fig. (u) ). From Figs. 4(t) and (u), before considering the demand response, the number of TGs' start-ups were 3 (Fig. 4(t) ), and after considering the demand response, the number of TGs' start-ups are 2 (Fig. 4(u) ).
Figs. 5(a)-(d) show the CO 2 emissions for the conventional method, without considering the ESSs and demand response, with considering ESSs only (without considering the demand response) and the proposed method correspondingly. In these figures, it can be seen that hours 15-25, the noticeable CO 2 emissions have been produced by the conventional method ( Fig. 5(a) ) and before considering ESSs and demand response method (Fig. 5(b) ). The CO 2 emissions are massively reduced after considering ESSs (Fig. 5(c) ) and proposed methods (Fig. 5(d) ). It can be seen from Fig. 6 , the renewable generations have been increased by the proposed power system as compared with the conventional power system. Fig. 7 summaries the total operational fuel costs and SUC of the proposed method which is $266930, while $269900, $304800, and $311190 for methods which consider ESS but does not consider demand response, without ESS and demand response, and the conventional method respectively. After considering O&M costs of PSHs and CSPs the total operational costs of the proposed method increases to $292730 and method which considers ESS but does not consider demand response increases to $296260. Finally, the proposed method reduces the per MWh production cost which has been shown in Fig. 8. Equation 18 determines the per MWh cost for each method which is equal to the total operational cost for the specific method and divided by total TGs' output energy (MWh), PSHs' output energy (MWh), and CSPs' output energy (MWh) of this specific method. 
Mi
Here, M i and NA are the per MWh cost and no. of all generations for i no. of method, respectively.
V. CONCLUSION
This paper presents a novel scheme for optimal unit commitment to solving the problem of duck curve. The proposed method successfully solves the duck curve problem and fulfill the direct objectives that are operational fuels and SUC reduction of TGs. On the other hand, indirectly this proposed method has accomplished a lot of objectives such as increased amount of renewable energy in power system by introducing CSP as an ESS while does not need to install battery energy storage system (BESS) because its price is very high. Moreover, BESS normally consumes thermal power for charging but CSP can store energy from the solar power. The introduction of the CSP, PSH, demand response and optimal UC decreases the operation of thermal generators which reduce CO 2 emission too. Therefore, to manage high penetration of PVs and rPVs power properly in a smart grid, this proposed power system can be an effective solution for future.
